SUMMARY
above and (2) conventional rapid analysis of gas with the same " breathe-through " cell interposed between the tracheal tube and the catheter mount.
In a second series of experiments we developed a circuit based on a valvular non-rebreathing system ( fig. 1 ). During expiration, deadspace gas is swept past the expiratory valve ( fig. 1 , top diagram) and, at the end of expiration, end-tidal gas will be located on the distal side of the expiratory valve. Then during inspiration ( fig. 1 , lower diagram) end-tidal gas may be sampled through the cell of an analyser by utilizing the sub-atmospheric pressure generated in the patient's airway. Reverse flow through the cell during exhalation is prevented by a small check valve, D.
Opening of valve D during inspiration requires the development of a significant sub-atmospheric pressure in the airway-which is 2 cm H,0 in our apparatus. This may be achieved either by loading the inspiratory valve B so that its opening pressure is greater than that of valve D or, alternatively, by holding the inspiratory reservoir at a slight sub- atmospheric pressure, and this we found to be most conveniently achieved with the weighted bellows of Hewlett's "Mandatory Minute Volume (MMV)" apparatus (Hewlett, Platt and Terry, 1977) . Excess fresh gas was vented to atmosphere through valve A which had a lower opening pressure than valve B. It is essential to prevent overfilling of the reservoir, which would cause excess fresh gas to pass into the expiratory limb via valves B and C and so contaminate the end-tidal gas. This can be achieved either by adjusting the fresh gas flow continuously to equal the patient's minute volume or alternatively by using the bellows from Hewlett's MMV apparatus which automatically vents the excess fresh gas to the atmosphere when the bellows is expanded fully.
Validation
Measurements of Pco, in volunteers. Volunteers were asked to breathe through the system, with oxygen as fresh gas, at respiratory rates varying from 10 to 60 b.p.m. The Hewlett-Packard capnometer was used to measure the end-tidal PcOj, the breathe-through sensor being placed alternately in series with the end-tidal sampler (volume 7.5 ml) and between the mouth piece and the system. The internal standard was used for calibration. We compared the mean of six breaths before and six breaths after the sampling period with the mean of the end-tidal sample after 12 breaths when the partial pressure of carbon dioxide in the sampler had reached a plateau.
Measurements of Pco, and anaesthetic vapour concentrations in anaesthetized patients. Healthy adults (ASA class 1 and 2) undergoing surgery for varicose veins were studied. Anaesthesia was induced with 2.5% thiopentone followed by suxamethonium 1 mg kg" 1 i.v., and the trachea was intubated with a cuffed orotracheal tube. Ventilation was assisted manually until spontaneous breathing returned. The patients breathed a mixture of 70% nitrous oxide and halothane in oxygen. The system and capnograph were used as described above. The effect of negative pressure inspiratory loading on breathing was determined by intermittently removing the weight on the bellows.
A mass spectrometer (Medishield Multigas Monitor MS2), tuned to the volatile inhalation anaesthetic in use was used with its probe alternating between the end-tidal sampler and the tracheal tube. The sensor of an Engstron EMMA was placed in series with the sampler. The two mass spectrometer readings were compared with the reading on the EMMA, both instruments being calibrated with a standard gas mixture prepared by pressure dilution and verified using gas chromatography against a volumetric standard. The zero reading of the EMMA was set with 70 % nitrous oxide in oxygen, saturated with water vapour at 34 °C.
The water vapour artefact of the EMMA. Awake volunteers breathed through the system with medical air as fresh gas. The EMMA sensor was then placed in series with the end-tidal sampler and the output from the EMMA displayed on a strip chart recorder. Each subject breathed for 1 h continuously and the selector switch on the EMMA was turned to select halothane, isoflurane and enflurane in rotation every 5 min.
Volume of the sampler. Volume of the end-tidal sampler was measured by water displacement. Response time using volunteers. The system was used as in figure 1 except that the inlet to the end-tidal sampler was disconnected from the expiratory tubing and connected to a reservoir containing 2% halothane. The sensor of the EMMA was in series with the end-tidal sampler and the subjects breathed medical air. The time taken for equilibration of the end-tidal sampler with the reservoir of 2% halothane was determined from the output of the EMMA which was displayed on a chart recorder.
RESULTS
In the first series of experiments in which the end-tidal gas was sampled passively by the increase in pressure at the end of expiration in the Mapleson A circuit, the carbon dioxide concentration of the sampled gas was always considerably less than the end-tidal plateau. A typical trace is presented in figure 2 . Increasing the opening pressure of the relief valve and decreasing the diameter of the sampling catheter to 0.5 mm i.d. did not result in any significant improvement, and this approach was abandoned.
The following results all refer to the device illustrated in figure 1 .
Measurements of Pco, in volunteers
A typical recording is shown in figure 3 . Mean values of Pco, by the end-tidal sampler ranged from 0.08 to 0.13 kPa less than Pco, by breathby-breath analysis at frequencies up to 60 b.p.m.
(table I). Although small, the differences were significant by Student's t test at 11 and 30 b.p.m. The water vapour artefact of the EMMA When sampling was performed through the EMMA from awake volunteers, water vapour produced a positive reading depending on the gain setting of the EMMA. Steady readings attained after 11 min were 0.5%, 0.9% and 0.6% when the selector switch was set for halothane, isoflurane and enflurane, respectively, and did not change further during the 1 h study. The humidity of the gas entering the sampler was saturated at 34 °C, but the temperature inside the EMMA sensor was 50 °C, which would result in a relative humidity of about 50%.
Measurements of Pco, and anaesthetic vapour concentrations in anaesthetized patients
A typical recording is shown in figure 4 . Comparisons of Pco, by the two methods are shown for three patients in table II. Although the differences were small, they were significant in two instances. The introduction of a subatmospheric pressure of 2 cm H,O did not change the end-tidal carbon dioxide concentration in the patient.
There was no clinically significant difference between the end-tidal halothane concentration measured with the mass spectrometer by rapid breath-by-breath analysis and by means of the sampler (table III) . However, use of the EMMA with the end-tidal sampler gave more variable results.
Volume of the end-tidal sampler
The total volume of the end-tidal sampler with the sensor of the EMMA in series was 20.4 ml. The individual components and their volumes are given in table IV. Sampled volume was dependent on inspiratory duration as the flow was constant at the sub-atmospheric pressure of 2 cm H,O and varied from 2 to 6 ml per breath.
Response time
Six breath cycles were required to bring the gas sampler to 90 % equilibration with the reservoir of 2 % halothane. This accords closely with the rate of equilibration of carbon dioxide shown in figures 3 and 4. We ignored the first 12 breaths in comparing the end-tidal sampler with breath-bybreath analysis as described above. The failure of the simple device, in which sampling was based on the spontaneous increase in end-expiratory pressure in the Mapleson A circuit, may possibly be explained by the tip of the sampling tube lying to the side of the axial stream of alveolar gas. However, the results of the capnography indicate that the end-tidal sampler illustrated in figure 1 collects end-tidal gas with negligible contamination by inspired gas. It can be used for end-tidal measurements with respiratory frequences up to at least 60 b.p.m. The small difference in end-tidal Pco, in table II and figure 4 may, in part, be the result of the extra deadspace (7.5 ml) of the breathe-through cuvette causing an increase in alveolar Pco,. We did not encounter obstruction of the connections to the sampler but, should this occur, there would be a fixed reading from the last sample before obstruction occurred.
The major problem which we encountered was not caused by the sampler but by the water vapour artefact of the EMMA. We have confirmed the effect of water vapour and the minor effect of nitrous oxide (Hayes, Westenskow and Jordan, 1983) , but this source of error can be avoided by setting the zero on the EMMA while passing through it a mixture of 70 % nitrous oxide and 30% oxygen humidified at the appropriate temperature. This method was used for data reported in table III, but the results are less consistent than those obtained with the mass spectrometer.
When the sensor of the EMMA is used in the breathe-through configuration to record inspiratory and expiratory vapour concentrations, the fluctuations in temperature and humidity during inspiration and expiration can be reduced by inserting a heat/moisture exchanger between the patient and the sensor. This was not a problem in our apparatus as only end-tidal gas, saturated with vapour at close to body temperature, entered the cell. The water vapour artefact was, therefore, constant.
The end-tidal sampler would seem to be particularly convenient for use with anaesthetic vapour analysers with a response time which is too slow for the respiratory frequencies which may be encountered in spontaneously breathing patients during anaesthesia. These include refractometers (Hulands and Nunn, 1970) which are not intended for breath-by-breath analysis. In add-ition, the Datex "Normac" Anaesthetic Agent Monitor does not respond to frequencies in excess of 18 b.p.m. (Luff and White, 1985) and the Engstrom EMMA anaesthetic gas monitor is only suitable for frequencies up to about 12 b.p.m. (Luff and White, 1981) . While these instruments are satisfactory during artificial ventilation when the respiration can be maintained at an appropriate frequency, they are unsuitable during spontaneous breathing when frequencies in excess of 30 b.p.m. are commonplace (Nunn, 1964) . Modification of a continuous flow analyser to place the sample cell in line with the end-tidal sampler would require calibration under the same conditions of use.
The sampler can also be used for end-tidal measurement of oxygen concentration with the oxygen probe of a slowly responding analyser (such as a fuel cell) in the sampler. However, since several breaths are required to equilibrate the sampler contents with end-tidal gas, it would be too slow to be an effective oxygen warning system.
